Paper has long been used as an environmentally friendly material. However, the range of its uses is limited because of its low tensile strength, water sensitivity, etc. If these disadvantages are eliminated by some treatment, such as a coating or impregnation by some material, the application range of paper can be extended.
A method of treating with an alkoxysilane to generate siloxane bonds after hydrolysis and its poly-condensates typically using an acidic catalyst, namely, the sol-gel method [1] [2] [3] , has been widely applied to a glass or metal surface. This method produces many excellent properties, such as heat resistance and tensile strength improvement. Recently, the application of this method has been extended to wood surfaces 4, 5 , cotton fabrics 6 and textiles 7 . If this method is applied to paper, its disadvantages can be easily reduced.
In the typical sol-gel solution 8, 9 , the starting material is an alkoxysilane, such as tetramethoxysilane TMOS or tetraethoxysilane, and the catalyst is an acid, such as hydrochloric acid or nitric acid. For successfully applying this method to paper, a suitable alkoxysilane and catalyst must be determined.
It was reported 10 that a treatment solution consisting of a methyltrimethoxysilane MTMS oligomer and titanium tetrabutoxide Ti-Butoxide without acidic materials was applied to paper to improve its tensile strength without cellulose degradation.
It was also reported 11 that a treatment solution consisting of Osamu YAGI , † , Kazumi SUZUKI , Tomokuni ONOE and Fujio OHISHI
For investigating the suitable methoxysilane and its oligomer for improving the tensile strength of treated paper after its hydrolysis and poly-condensation, three methoxysilanes tetramethoxysilane TMOS , methyltrimethoxysilane MTMS and dimethyldimethoxysilane and two oligomers TMOS and MTMS oligomers were impregnated into the base paper using titanium butoxide as the reaction accelerator. Among the three methoxysilanes, the highest impregnated weight 7.2 g/m 2 was obtained when a TMOS solution was used. The highest tensile strength was obtained when an MTMS solution was treated 4.3 kN/m, 130 increase compared to the base paper . On the other hand, for the two oligomers, the highest weight was 50 g/m 2 and the highest strength was 6.8 kN/m 200 increase when an MTMS oligomer solution was treated. These differences in the improvement of the weight and strength between the monomer solutions and the oligomer ones were due to the monomer's high volatility. The reason why the MTMS oligomer produced the highest strength treated paper is attributed to its molecular characteristics. Because the MTMS has one unhydrolyzable group methyl group and three hydrolyzable groups methoxy groups , it is assumed that the balance between the flexibility resulting from the methyl group and the hardness from the methoxy groups produced the moderate tension in the generated polymer. The MTMS oligomer has the same balance as the MTMS. Among the MTMS oligomers having different degrees n 3.1, 4.4, 6.3, 8.7, 12.4 and 26.1 , there was only a slight difference in strength. The most suitable methoxysilane compound for improvement of the tensile strength was the MTMS oligomer.
hydrochloric acid could not be applied to paper due to its deterioration. On the other hand, a solution consisting of the Ti-Butoxide could be successfully applied to paper with further improvement in its tensile strength.
There are many types of alkoxysilanes, of which the methoxysilanes are generally used, because the methoxy group is hydrolyzed faster than the other groups, such as the ethoxy and propoxy groups. Among the methoxysilanes, the economically usable ones are restricted to TMOS, MTMS, dimethyldimethoxysilane and their oligomers.
These methoxysilane compounds, except for TMOS and its oligomer, have two types of substitution groups one is the methoxy group and the other is the methyl group. Generally, the methoxy group and the methyl group result in a rigid siloxane bond and a flexible non-bond, respectively, after hydrolysis and poly-condensation.
In this study, the most suitable methoxysilane compound for the tensile strength improvement was investigated.
Methyltrimethoxysilane MTMS GE Toshiba Silicones Co., Ltd. , tetramethoxysilane TMOS and dimethyldimethoxysilane DMDMS both Shin-Etsu Chemical Co., Ltd. were distilled from industrial grade products. Methanol, 2-propanol, titanium tetrabutoxide Ti-butoxide , 61 nitric acid and 36 hydrochloric acid all special grade reagents from Kanto Chemical Co., Inc. were used without further purification. The base paper 300 mm 285 mm, 120 g/m 2 was filter paper No.5C Toyo Roshi Kaisha, Ltd. having no filler in order to avoid any contamination.
Synthesis of MTMS oligomer
The MTMS oligomer was synthesized by a procedure similar to that reported in a previous paper 10 . In a 1000 ml three-necked glass vessel equipped with a condenser and a thermometer, 408. The polymerization degree was measured as follows. The mixture containing 1.06 g of the oligomer, 5 ml 1.24 10 1 mol of methanol and 2 g 1.07 10 1 mol of water including 0.2 g 1.97 10 3 mol of 36 hydrochloric acid MW 36.5 was placed in a ceramic weighing bottle and stirred to form a gel. The obtained gel was slowly and carefully heated to 900 , and 0.64 g of a white residue was obtained after cooling. The mean polymerization degree, n, of the oligomer was calculated using Eq. 6 to be 5.0.
The mean polymerization degree was experimentally confirmed on the basis of the decrease in the weight of the MTMS oligomer, Material II , by the dehydration polymerization and subsequent heat treatment Eqs. 2 and 3 . The molecular weight of Material II is 46 90n , and for Material V , it is 60. 5 6 where n is the mean polymerization degree, x is the weight of SiO2 after the heat treatment, and y is the weight of the oligomer.
Synthesis of TMOS oligomer
The TMOS oligomer was synthesized using the same method for the previously described MTMS oligomer synthesis 10 . In the same vessel, 456.0 g 3.00 mol of TMOS MW 152 and 49.6 g 1.55 mol of methanol were added and stirred, and then 47.3 g 2.63 mol of water including 0.2 g 1.94 10 3 mol of 61 nitric acid was added as the reaction water and catalyst, respectively. The reaction mixture was heated in an oil bath at 70 for 5 h. It was then evaporated under vacuum 5 kPa to obtain 341.2 g of an oily and transparent TMOS oligomer Eq. 7 .
7
The mean polymerization degree, n, of the TMOS oligomer was measured using 1.16 g of the oligomer, and 0.61 g of a white residue was obtained. The mean polymerization degree, n, of the oligomer was calculated using Eq. 10 to be 5.7.
8
The molecular weight of Material VII is 46 106n , and that of Material V is 60. (46 1 n) 60n yg xg Each treatment solution was impregnated into the base paper by dipping it for about 3 sec. The paper was then stored at room temperature for 10 min followed by heating at 150 for 10 min as shown in . The impregnated weight was measured after the heat treatment.
The treated paper and the base paper were exposed to ambient room atmosphere 23 and 50 relative humidity for 48 h before any measurement 12 . The specimens n 10 had a 15 mm width and 100 mm length. The tensile strength was measured 13 using an EZ test Shimadzu Corp. tensile testing machine in the same room. The loading speed was 10 mm/min.
The authors have been developing the sol-gel method for paper in order to improve its tensile strength 10, 11 . When the solution consisting of the MTMS oligomer and the Ti-butoxide in 2-propanol was impregnated into the paper, the Ti-butoxide reacted with water located inside the paper 10 . Water among the cellulose fibers usually included about 7 10 wt 14 existed due to the hydrogen bond formation with the contained hydroxyl groups.
The catalytic behavior of the Ti-butoxide was described 11 , in which the Ti-butoxide catalyzed the reaction between the methoxy group of the MTMS oligomer and water to generate the siloxane bond. The generation scheme of the siloxane polymer around the cellulose fibers after hydrolysis and polycondensation was also proposed 10 . Based on this scheme, the polymer was generating to wrap around the cellulose fibers.
This polymer mainly consisted of both the siloxane bond and the Si-CH3 group. The former provided hardness 15 to the polymer on the other hand, the latter provided the flexibility. For improving the tensile strength of the flexible fiber, the balance between the hardness and the flexibility of the wrapping polymer must be important. For investigating this balance, three types of methoxysilanes TMOS, MTMS and DMDMS and two types of oligomers TMOS and MTMS oligomers were prepared.
Each treatment solution consisting of three methoxysilanes with the Ti-butoxide Tables 1 and 2 was individually impregnated into the base paper. SEM micrographs of the treated paper are shown in . The cellulose fibers of the treated paper were slightly thinned compared to the untreated paper. This means that the generated polymer was able to wrap around the cellulose fibers. The characteristic of this wrapping and gripping polymer would affect the tensile strength of the treated cellulose fibers.
The impregnated weight and tensile strength of the treated paper are shown in and . In Fig. 3 , the paper treated with the 50 wt TMOS solution # A solution showed the highest impregnated weight, but not more than 7.0 g/m 2 . Previously, it was reported 10 that the impregnated weight of the MTMS-oligomer treated paper was about 38 g/m 2 . For the impregnated weight improvement, there are significant differences among the three monomers and the MTMS oligomer.
It is well known that the volatility of the methoxysilane is high. It is assumed that for this property, the impregnated weight treated with the monomer solutions was much lower than that treated with the MTMS oligomer solution.
The order of the weight increase using the monomer solutions was TMOS MTMS DMDMS. This is the same order for the number of methoxy groups in the methoxysilanes TMOS four methoxy groups, MTMS three methoxy SEM micrographs of treated paper using each methoxysilane solution.
Structures of the three methoxysilanes.
Tensile strength of treated paper using methoxysilane solution untreated, TMOS, MTMS and DMDMS.
Relation between impregnated weight and methoxysilane concentration of treatment solution TMOS, MTMS and DMDMS.
groups and DMDMS two methoxy groups, shown in , meaning that the methoxysilane with more methoxy groups in its molecular structure interacts to a greater extent to reduce its volatility and become fixed on the treated paper. Fig. 4 shows that MTMS had the highest tensile strength 4.3 kN/m, about 130 increase compared to the base paper among the three methoxysilanes. It has three hydrolyzable methoxy groups in its molecular structure. They generated a three-dimensional siloxane-bond network after hydrolysis and poly-condensation. This network can provide a sufficiently high strength around the cellulose fiber.
In addition, MTMS has one methyl group directly bonded to the Si atom. This group is not hydrolyzed during the sol-gel reaction. Therefore, it remains and provides flexibility to the generated polymer. Namely, the MTMS generates a polymer having a three-dimensional hard and flexible network. As for TMOS, it has four methoxy groups, therefore, it forms too rigid a network around a flexible cellulose fiber compared to the others. Because DMDMS has only two methoxy groups, the generated polymer will be linear and cannot exhibit a high strength compared to the others. These structural differences show that a balance between the hardness and flexibility is needed to provide a moderate tension to the generated polymer. Based on this balance, the MTMS originating network displayed a much higher strength than the TMOS and DMDMS ones.
For obtaining a much higher impregnated weight, the synthesis of three oligomers having very low volatilities was attempted. A TMOS oligomer and an MTMS oligomer were easily obtained. However, the DMDMS one could not be obtained.
The treatment solutions of the two obtained oligomers were impregnated into the base paper in the same way as the monomer solutions. The relation between the impregnated weight and each concentration wt of the treatment solutions is shown in . There was a significant difference between the monomer impregnated weight and the oligomer impregnated one on the other hand, there was only a slight difference between the two oligomers. Finally, a sufficient weight was obtained when the oligomer solutions were treated.
The tensile strength of the oligomer impregnated paper is shown in . When 36.4 g/m 2 of the MTMS oligomer was treated, the strength was 6. Relation between impregnated weight and methoxysilane-oligomer concentration of treatment solution TMOS oligomer and MTMS oligomer.
Influence of MTMS oligomerization degree on tensile strength of treated paper.
was 5.1 kN/m 160 increase . The MTMS oligomer showed a higher strength than the TMOS oligomer.
It was assumed that the polymer generated from the MTMS oligomer had the same balance between hardness and flexibility as the polymer generated from the MTMS monomer.
For confirming the best MTMS oligomerization degree, the different degrees of the MTMS oligomers n 3.1, 4.4, 6.3, 8.7, 12.4 and 26.1 were synthesized and the tensile strengths were measured shown in . There was only a slight difference among the degrees of the MTMS oligomers.
The MTMS oligomer produced the highest tensile strength of the treated paper among the three monomers and the two oligomers. Because MTMS has one unhydrolyzable group methyl group and three hydrolyzable groups methoxy groups , it is assumed that the balance between the flexibility resulting from the methyl group and the hardness from the methoxy group produced a moderate tension of the generated polymer. Among the MTMS oligomers having different oligomerization degrees, there was only a slight difference between their degrees and strength. The most suitable methoxysilane compound was the MTMS oligomer.
